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1
STEP GAIN-VARIABLE CMOS AMPLIFIER

FIELD OF THE INVENTION

The present mvention relates in general to integrated
CMOS analog circuits, and in particular, to a diflerential
amplifier having a gain that 1s programmable 1n fixed steps.

BACKGROUND OF THE INVENTION

In signal processing systems it 1s useful to keep the output
signal within a fixed voltage amplitude window when the
amplitude of the mput signal 1s varied. In other cases, 1t may
be useful to keep the mput signal within a fixed voltage
amplitude window when the amplitude of the output signal
1s varied. Moreover, harmonic distortion should remain
reduced throughout the range of selectable gain of the
amplifier.

SUMMARY OF THE INVENTION

An object of the present mnvention 1s to provide a CMOS
amplifier structure, the gain of which 1s given by a gm,/gm,
stage 1n which gm. may be changed by programming.

The step gain-vaniable CMOS amplifier in accordance
with the invention 1s based on the basic structure of a
differential amplifier including an mput pair of transistors, a
bias current generator connected between a common source
node of the 1mput pair of transistors and a ground node, and
a pair ol load transistors having a same type of conductivity
as the mput pair of transistors. The pair of load transistors 1s
connected between a supply voltage node and, respectively,
to the drain nodes of the mput pair of transistors.

The CMOS amplifier may further comprise a plurality of
second 1nput pairs of transistors to be connected in parallel
to the input pair of transistors for increasing the effective
width of the resultant transistors. A plurality of path selec-
tion pairs of switches may be programmably closed for
connecting in parallel the selected pairs of mput transistors.

In an alternative embodiment, the CMOS amplifier may
turther comprise a plurality of second pairs of load transis-
tors to be connected 1n parallel to the pair of load transistors
for increasing the eflective width of the resultant transistors.
A plurality of path selection pairs of switches may be
programmably closed for connecting 1n parallel the selected
pairs of load transistors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a step gain-variable
CMOS amplifier according to a first embodiment of the
invention.

FIG. 2 1s a schematic diagram of a step gain-variable
CMOS amplifier according to an alternative embodiment of
the 1vention.

FIG. 3a 1s a plot showing transier characteristics (v-1) of
the eflective transconductor pair for diflerent gain settings of
the amplifier of FIG. 1.

FI1G. 3b 1s a plot showing transier characteristics (1-v) of

the transresistor M9-M10 of FIG. 1 or the effective tran-
sresistor M3—-M10 of FIG. 2.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1l

To better i1llustrate the features and effectiveness of the
invention, different embodiments will now be described in
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detail. FIG. 1 shows a gm /gm, amplifier structure according
to a first embodiment. Notably, the gain 1s given by:

(1)

and the bandwidth 1s given by:

o )

Ut

(2)

Bandwidth =

lI¢

where Cout 1s the output capacitance. Since gm, 1s fixed, the
bandwidth remains practically constant for every pro-
grammed gain. A minor variation (~1%) that 1s tolerable
may be due to different bias conditions of the resultant
(ellective) transistors of the mput pairs.

An 1mportant formula for the overdrive voltage of the
transistors (Vov=Vgs—Vth) 1s given in equation 3.

(3)

¢

I \/ /
gm N (W/L)

with gmy and 1 being fixed. The gain of the amplifier 1s
programmed by changing the width term W of the aspect
ratio W/L of the resultant input transistors by switching on
and ofl additional transistor pairs M3-M4, MS5-MS6é,
M7-MS8, etc., 1n parallel to a core differential pair, for
example M1-M2, that 1s always included 1n the circuit.

A dB-linear variable gain amplifier 1s commonly used to
provide an output signal having a certain amplitude inde-
pendent from the amplitude of the mput signal. Therefore,
the minimum gain configuration 1s used when the amplitude
of the input signal 1s at 1its maximum (1.e., when the highest
lincarity of the amplifier 1s required). According to this
embodiment, the overdrive of the transconductor 1s propor-
tional to the mput signal amplitude. The overdrive of the
transconductor 1s composed of the M1-M2 core 1input pair to
which other pairs up to the M7-MS8 pair of FIG. 1 are
selectively connected in parallel.

According to this first embodiment as 1llustrated 1n FIG.
1, for the minimum programmable gain the minimum tran-
sistor width 1s used for the input pair, which is referred to as
W1. With the current being constant, 1.e., independent from
the programmed gain, the mput differential pair has the
maximum overdrive voltage Vovl, 1.e., the highest linearity,
when the resultant input transistor has the minimum width.

To increase the gain, more input transistor pairs are
coupled to the functioning circuit, and the width of the
cllective transistors of the mput parr W progressively
becomes WI1+W3+W5+W7, for example. By way of
example and assuming that the minimum gain (obtained
with an mput pair sized W1 working with a voltage over-
drive Vovl) 1s used for an input voltage swing Vinputl, if the
input voltage swing decreases by a factor 2 (Vinput2=(1/2)
*Vinputl), then the gain 1s incremented by the same factor
2. Therefore, the width of the mput pair needs to be

VDF

lI¢
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incremented by 4 times the minimum width W1, and con-
sequently, the overdrive voltage of the resultant (effective)
mput pair (given by equation 3) reduces to Vov2=(1/2)
*Vovl.

As noted above, the voltage overdrive of the mput pair 1s
inversely proportional to the programmed gain, while
according to this embodiment, the voltage overdrive of the
load pair of transistors remains fixed. This feature of the
amplifier according to the first embodiment 1s particularly
suited for applications where the purpose of the amplifier 1s
to keep fixed the amplitude of the output voltage. In this
embodiment, 1n fact, the linearity of each differential pair of
transistors (1.e., the eflective mput transistor pair and the
load transistor pair) 1s always proportional to the amplitude
of the applied signal (1.e., the mput signal for the effective
input pair and the output signal for the output pair).

For applications working with a substantially fixed input
voltage swing and output voltage swing proportional to the
gain, the same concept of “fixed linearity” may be used, by
keeping fixed the eflective width of the transistors of the
input pair and making the gain programmable by changing
the effective width of the transistors of the load pair, which
may be also be referred to as an output transistor pair.

This alternative embodiment of the amplifier according to
the mvention 1s shown in FIG. 2. Also 1n this alternative
embodiment, all the previous considerations are valid except
for bandwidth does not remain constant. In fact, the term
gm_1n equation 2 1s no longer constant, corresponding in this
case to the sum of the gm(s) of the load transistor pairs that
are programmably connected into the functioning circuit of
the amplifier.

In particular applications, the amplifier according to this
alternative embodiment provides important advantages.
Forming an amplifier in which the linearity of each “stage™
1s proportional to its voltage swing has the advantage of
partially compensating distortion.

As an example, consider a unit gain stage. The resultant
or ellective load pair of transistors acts as a transresistor, and
the transier characteristics (i-v) are the mverse of the (v-1)
transier characteristics of the input pair of transistors as long,
as their overdrive 1s the same.

Intuitively, the distortion due to the compression eflfects of
the v-1 characteristics of the input MOS transistors 1s deleted
by the opposite distortion due to the expansion eflects of the
1-v characteristics of the output pair of transistors. This 1s
graphically illustrated in FIG. 3a.

Of course, when the gain 1s different from 1, input and
load (output) transistors have diflerent overdrives because
they handle signals of different amplitudes. For example,
suppose that the gain 1s -6 dB, then the output (load) MOS
transistors operate with a signal that 1s one-half 1n amplitude
as compared to the mnput MOS transistors, and correspond-
ingly they need one-half the overdrive voltage to produce
the same distortion for compensation purposes.

If gm, 1s the transconductance of the input transistors and
om, 15 the transconductance of the output transistors, then
the overdrive ratio 1s given by the following equation 4:

.

Vovy |

(4)

&My

Vov,  Gain  gm,

FIG. 3a shows how the linearity of the imnput pair 1s
proportional to the mput signal. In this way, the distortion
may be optimized and maintained practically constant for
every gain setting.
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As already mentioned above, FIG. 3b shows that the load
transistor pair (output transresistor) applies a distortion of an
opposite sign as compared to the distortion introduced by the
transistors ol the mput pair (input transconductor), and that
may be made substantially equal for an eflective compen-
sation. Through a correct combination of the two character-
istics (1deally leading to a substantially straight-line charac-
teristic for null distortion), harmonic distortion may be
casily optimized.

The circuit of the variable gain amplifier may be seen as
a coarsely variable gain amplifier because of the step-by-
step gain changes that may be implemented, as compared to
a prior art continuous gain regulation amplifier. However, an
advantage of the coarsely variable gain amplifier 1s given by
the fact that the gain 1s changed by switching transistor pairs
in or out of the operating circuit, thus making 1t possible to
maintain optimal overdrive conditions (same THD) under
every condition of operation.

This characteristic of the mvention allows a significant
reduction 1n the power as compared to other approaches
because of the linearity of the building blocks of the ampli-
fier. Namely, the mput transconductor stage and the output
transresistor linearities are lower than the resultant linearity
of the whole amplifier. If a lower linearity of the two stages
may be tolerated because of the implemented compensation,
it 1s possible to save power. In contrast, 1f, for example, an
amplifier with resistive loads (i.e., having high linearity) 1s
considered, the linearity of the amplifier corresponds to the
linearity of the mput transconductor.

What 1s claimed 1s:

1. A step gain-variable CMOS amplifier comprising:

a pair ol mput MOS transistors connected together at a
common source node and having a first type of con-
ductivity;

a bias current generator connected between the common
source node of said pair of mput MOS transistors and
a voltage reference;

a pair of first load MOS transistors having the first type of
conductivity, and each first load MOS transistor con-
nected between a supply voltage node and a drain node
of a respective mput MOS transistor;

a plurality of pairs of second load MOS {transistors
connectable 1n parallel to said pair of first load MOS
transistors for incrementing an eflective width of result-
ant transistors formed by said pairs of first and second
load MOS transistors connected in parallel; and

a plurality of pairs of path selection switches connected
between the supply voltage node and said pairs of first
and second load MOS transistors for connecting at least
some of said pairs of first and second load MOS
transistors 1n parallel by closing respective pairs of path
selection switches.

2. A step gain-variable CMOS amplifier according to
claim 1, wherein said pair of mput MOS transistors has a
fixed geometry for providing gain adaptivity consistent with
an amplitude of an input signal.

3. A step gain-variable CMOS amplifier according to
claim 1, wherein said pair of mnput MOS transistors and said
pairs of first and second load MOS transistors each has an
aspect ratio based upon a minimum width of definition of a
fabrication process forming said MOS transistors.

4. A step gain-variable CMOS amplifier according to
claim 1, wherein the voltage reference comprises ground.

5. A method for varying a gain of a CMOS amplifier
comprising a pair of mput MOS ftransistors connected
together at a common source node, a pair of first load MOS
transistors connected between a supply voltage node and
drain nodes of the pair of input MOS transistors, a plurality
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of pairs of second load MOS ftransistors connectable 1n
parallel to the pair of first load MOS ftransistors, and a
plurality of pairs of path selection switches connected
between the supply voltage node and the pairs of first and
second load MOS transistors, the method comprising:
biasing the pair of input MOS transistors via a bias current
generator connected between the common source node
thereol and a voltage reference; and
closing respective pairs of path selection switches for
connecting at least some of the pairs of first and second
load MOS ftransistors in parallel for incrementing an
cllective width of resultant transistors formed by the
pairs of first and second load MOS ftransistors con-
nected 1n parallel.
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6. A method according to claim 5, wherein the pair of
iput MOS transistors has a fixed geometry for providing
gain adaptivity consistent with an amplitude of an nput
signal.

7. A method according to claim 5, wherein the pair of
iput MOS transistors and the pairs of first and second load
MOS transistors each has an aspect ratio based upon a
minimum width of definition of a fabrication process form-
ing the MOS transistors.

8. A method according to claim 5, wherein the voltage
reference comprises ground.
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